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TKu  us€  of  EJiiall  jets  uF  air  has  proved  to  he  an  effective  means  of  flow  coiitrul  on  low 
Reynolds  number  turbine  blades.  Pulsing  of  the^e  jets  has  also  shown  beueflls  in  reducing 
the  amount  nf  air  needed  to  achieve  the  same  level  of  flow  control.  An  experiment  using 
Particle  Image  V^docimetrj'  (PIV)  has  heen  set  up  to  investigate  how  these  pulsed  jets 
interact  with  the  boundary  layer  to  help  stabLIlze  It  and  keep  the  flow  attached .  A  2^x  sealed 
jet  111  a  plate  has  been  utilized.  The  25.4  mm  diameter  jet  has  a  pitch  angle  of  30^  and  a  skew 
angle  of  Pitch  angle  is  deflned  as  the  angle  the  jet  makes  with  the  surface  of  the  plate, 
and  the  skew  angle  Is  the  angle  that  the  jet  makes  with  the  cross  flow.  The  jet  was  pulsed  at  a 
frequency  of /=  0.5  Hz  with  duty  cycle  (pulse  duration  of  the  total  period  7)  of  A  =  50%. 
Blowing  ratios  nr  ratios  of  jet  veloeity,  to  frees tr cam  velocity^  when  the 

densities  pj  and  are  equal)  of  ^  =  0^  0.5,  1,  2,  and  4  were  studied.  A  reduced  frequency 
parameter  was  detlned  as  =/ /  /  with  the  reference  length  /  equal  to  the  jet  diameter, 
d,  resulting  in  F'  =  0.004  with  =  3.15  m/s.  Velocity  and  vor deity  planes  were  obtained  at 
different  spanwise  locations  and  used  in  the  charactcrizatioii  of  the  flow.  Based  on  previous 
research,  the  starting  vortex,  which  develops  at  The  beginning  of  every  cycle  for  each  pulsed 
case,  i^  the  critical  flow  characteristic^  Ihc  current  study  shows  that  both  the  starting  and 
ending  of  every  duty  cycle  are  keys  to  obtaining  attached  flow^  and  that  attachment  is 
improved  with  larger  in -plane  vnrticity,  o^. 
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Nomenclature 

=  jet  diameter 

freestream  velocily 
=  jet  veloc-Lty 
=  blowing  rati  0 ,  pj  V) 

=  duty  cycle 
=  reference  length 
"  pulsing  frequency 
=  cycle  period,  1//’ 

=  dimensionlea.s  forcing  frequency // 

=  in-plane  vorticity,  normalized  by  Ujd 
■  time,  normalized  by  T 
=  Cartesian  coordinates  used  to  define  position 
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1.  Introduction 

Due  to  lower  density  air  at  high  altitudes,  tlie  Reynolds  number  decreases  and  significant  aerodynamic  losses  can 
occur  in  gas  turbine  engines.  In  the  tow  pressure  turbine,  these  losses  arc  caused  by  flow  separation  near  the 
[railing  edge  of  the  blade  suetion  surface.  Associated  with  the  loss  increase  is  a  performance  and  efficiency  decrease 
for  the  engine.  By  delaying  flow  separation,  engine  efficiency  can  be  maintained  at  higher  altitudes.  These 
performance  issues  have  prompted  many  attempts  at  controlling  boundary  layer  separation. 

Flow  control  techniques  studied  at  tine  Air  Force  Research  Laboratory  {AFRL)  include  the  use  of  dimples, 
plasma  excitation,  and  vortex  generator  jets^  (VGJs).  Lake'  W(is  able  to  improve  the  loss  coefficient  by  over  50%  by 
applying  dimples  at  65%  axial  chord  on  a  Pak-B  blade  geometry  in  the  Low  Speed  Wind  Tunnel  (L-SWT)  facility'. 
Current  work  is  being  done  using  plasma  f1ow\^  while  List,  et  al.,^  have  seen  a  reduction  in  loss  coefficient  of  14%  at 
the  Air  Force  Academy  wind  tunnel  cascade  (Langston  blade  geometiy)  using  a  plasma  actuator.  VGJs  have  long 
been  studied  as  a  flow^  separation  technitiiie  on  airfoils,  but  recent  studies  by  Bons,  ct  al.^^  in  tire  LSWT  have 
applied  this  technique  to  low  pres-surc  turbine  (LPT)  blades-  They  successfully  found  delayed  flow  separation  on  low 
Reynolds  number  turbine  blades^  reducing  the  loss  coefficient  by  over  50%.  In  the  Bong  studies,  pulsing  [he  jets  also 
proved  to  be  effective,  achieving  the  same  benefits  with  up  to  an  order  of  magnitude  less  mass  flow. 

The  reasons  for  the  sepamtion  delay  and  why  pulsed  jets  are  just  as  effective  ag  steady  jete  are  relatively 
unknown.  Johari  and  McManus^'  performed  a  fiat  plate  pulsed  VGJ  experiment  in  a  w^ater  tunnel  and  found  that  the 
starting  vortex  is  the  cause  of  the  improvement  of  pulsed  VGJs  over  steady  VGJs.  Compton  artd  Johnston^  found 
that  separation  control  benefits  only  occur  if  VGJs  are  pitched  and  skewed  with  the  main  flow  direction,  and  that 
larger  skew^  angles  of  45  to  90  degrees  produce  the  strongest  vorticies.  McManus  et  al.  “  found  increased  benefits  at 
larger  velocity  ratios  (blowing  ratios).  There  are  many  variables  that  can  factor  into  achieving  the  benefits  of  pulsed 
VGJs,  and  the  mechanisms  responsible  for  these  benefiLs  are  not  well  understood.  It  is  thus  desirable  to  perform  a 
detailed  study  of  the  flow  physics  of  a  pulsed  VGJ  and  to  visualize  jet  interacLion  with  the  boundaiy  layer.  A  large 
scale  fiat  p]a[e  model  allow^s  such  a  study. 

The  fiat  plate  jet  in  tins  study  is  meant  to  be  a  large  scale  version  of  the  Jets  on  the  Pack-B  blade  in  tlie  LS  WT 
facility,  which  have  a  30^  pitch,  90^  skew  angle,  and  I  mm  diameter.  The  fiat  plate  jet  is  scaled  approximately  25x 
Lo  a  diameter  of  25.4  mm.  The  pitch  angle  is  defined  as  the  angle  ihe  jet  makes  with  the  blade  (or  plate)  surface.  The 
skew  angle  refers  to  the  angle  the  jet  (projected  to  the  surface)  makes  wnth  the  freestream  flow  direction.  While  the 
pitch  and  skew  angle  are  fixed,  this  study  looks  at  the  cfTccts  of  blowing  ratio  on  boundary^  layer  interaction.  The 
blowing  ratio  is  die  ratio  of  the  Jet  velocity  [O  the  freestream  velocit>\  assuming  the  ratio  of  densities  is  unity.  The 
frequency  is  fixed  at/^'  0.5  Hz  for  this  crossflow  study.  A  previous  study"®  of  the  free  jet  (no  crossflow)  was 
perfonned  at  various  duty  cycles  (fixed  jet  velocity  and  frequency).  The  fi-ee  jet  showed  [he  same  starting  and 
ending  events  regardless  of  duty  cycle.  One  variation  of 
duty  cycle  W‘as  studied  in  this  experiment  to  verify  this  w^as 
also  true  with  (he  jet  in  crossflow.  Then  the  duty  cycle  w^as 
fixed  a(  A  =  50%i  and  only  the  blowing  ratio  was  varied. 

Measurements  were  taken  at  seven  spanwisc  planes  for 
each  casc- 

Figiire  1  shows  the  location  of  each  measurement  plane 
as  well  as  the  orientacion  of  the  axes.  Note  that  the  origin  is 
the  center  of  die  jet  at  the  surface  of  the  plate. 

Measurement  planes  of  y  =  -  Id,  Od,  Id,  2.25d,  3d,  4d,  and 
5.2.^d  were  studied.  Figure  1  also  indicates  the  placement 
of  a  ramp.  The  ramp  is  22  mm  tall  at  its  peak  and  is  used  to 
force  a  separation  region  downstream  of  the  ramp.  The 
resulting  separation  region  is  about  25  mm  talk  or  one  jet  Figure  1+  Axis  orit^ntatinn  and  rncasitrement  planes 
diameter. 


IL  Experimentj^l  Setup  and  Procedure 


A.  Setup 

Figure  2  shows  a  schematic-  of  the  experimencal  setup.  In  this  figure,  the  camera  and  laser  light  sheet  are  oriented 
to  measure  t]ie  free  jet.  In  (he  current  study,  with  the  jet  in  erossflow%  the-  camera  and  laser  light  sheet  are  rotated 
clockwise  to  measure  streamwise  planes.  The  jet  has  length-to-diame(er  ratio  of  12.  The  air  for  the  jet  comes 
through  a  t02  mm  diameter  plenum  (406  mm  long)  and  is  fed  through  the  bottom.  Before  it  gets  to  the  plenum,  the 
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air  passes  t]nroug)i  four  high-s[>ee<l  Parker  IristrLiJi'ieiitation 
genera]  valves  (0[>etiiiig  time  less  than  I  ms)  connected  in 
paiallcij  and  concrolled  by  a  Parker  InstrumenEation  lota 
One  pulse  driver.  The  four  valves  in  paraSle]  give  more  of 
a  range  in  Jet  velocity  than  using  a  single  valve. 

In  Order  to  seed  the  jet  flow  for  the  PIV  measurements, 
a  0.  ]  plastic  storage  bin  was.  used  as  a  smoke  box.  Two 
25  mm  diameter  tubes  connected  the  smoke  box  to  the 
feed  plenum.  One  of  these  tubes  allowed  smoke  into  the 
plenum,  and  the  other  acted  as  a  return  so  there  would  be 
no  net  mass  flow  into  the  plenum.  The  nozzle  of  the  smoke 
machine  (Safex  F2010)  was  inserted  into  die  smoke  box  to 
deliver  die  snnoke.  All  connecdons  to  the  smoke  box  were 
sealed  with  silicone  RTV  to  ensure  no  losses  in  mass  flow. 

TJie  flat  plate  jet  is  mounted  at  the  end  of  (he  Boundary  L-aycr  Tunnel  of  the  AFRL.  This  tunnel  allowed  the 
development  of  a  crossflow  for  this  esperimeuE.  The  tunnel  has  a  3S.]  cm  x  24.1  cin  cross  section.  There  is  a  settling 
chamber  ups(ream  of  tunnel  that  contains  turbulence  reducing  screens  and  honeycomb.  The  nozzle  of  a  Rosco  4500 
smoke  machine  was  inserted  into  the  side  of  the  settling  chamber  to  seed  the  crossflow.  At  122  cm  downstream  of 
the  exit  of  the  settling  chamber,  there  is  a  slot  to  bleed  off  the  boundar^r  layer.  The  center  of  the  jet  is  located  2.53  m 
(99. 6d)  downstremn  of  this  bleed  slot,  and  the  boundary  layer  (hickness  at  the  jet  location  (without  the  ramp  being 
present)  is  70  mm  (2-75d).  A  valve  upstream  of  the  settling  chamber  controls  the  crossflow  velocity,  and  an 
upstream  heat  exchanger  Is  used  to  control  the  temperature.  Tlie  velocity  of  the  crossflow  was  measured  with  a  hot 
wire  placed  at  x  =  Qd,  y  =  5.25d,  and  z  =  3.3 Id,  and  w^as  kept  at  3.15  m/s.  The  temperature  was  typically  65®F 
(measured  downstream  of  the  heat  exchanger  and  upstream  of  the  settling  chamber).  The  smoke  machine  was  kept 
on  during  experimentation.  Tlie  added  mass  flow  was  negligible  and  did  not  change  the  measured  velocity  of  the 
crossflow^ 

The  seeding  was  illuminated  by  a  New  Wave  Pegasus- PIV  dual  head  laser,  each  head  capable  of  operating  at.  up 
to  lO  kHz.  'fhe  rated  energy  at  1000  Hz  is  10  mj  per  pulse.  The  laser  enclosure  includes  beam  combining  optics  that 
output  the  beaiTu  from  both  laser  heads  through  a  single  port.  A  Dantec  light  arm  was  used  to  guide  the  laser  beam 
to  the  test  section.  A  Dantec  optics  module  was  used  to  form  the  laser  beam  into  a  light  sheet  with  a  20^"  spread 
angle  and  adjustable  thickness.  In  tins  experiment,  the  sheet  thickness  was  approximately  0.5  mm  in  the 
measurement  plane. 

Images  of  the  flow^  field  were  captured  by  an  IDT  X-Stream  VISION  high-speed  CMOS  digital  camera,  capable 
of  capEuring  images  at  up  to  16  kHz  in  double  frame  mode  at  a  resolution  of  1260  x  40  pixels^  and  a  16  bit  dep(h. 
Higher  resolution  (up  to  1260  x  1024  pixels)  can  be  obtained  by  operating  the  camera  at  slower  capturing  rates.  The 
camera  also  has  4  gigabytes  of  on-board  memory  to  temporarily  store  captured  images  until  being  saved  to  disk.  For 
this  setup^  a  resolution  of  1260  x  752  pixels  w^ax  used.  This  resolution  provided  a  typical  field  of  view  143  mm 
(5.63d)  wide  and  li6  mm  (3.39d)  tall.  A  maximum  number  of  1300  image  pairs  could  be  captured  at  tliat  resolution 
and  stored  in  memoty.  Data  was  sampled  at  50  Hz  in  order  to  obtain  13  cycles  of  data  (100  image  pairs  per  cycle, 
with  the  jet  pulsing  at  0.5  Hz)  for  ensemble  averaging. 

The  camera  (riggerx  the  laser  through  a  delay  generator,  which  triggers  the  first  laser  head  in  sync  with  the 
camera's  first  frame,  and  delays  the  second  (rigger  (typically  200  ^s)  to  provide  (he  time  differential  between 
images.  The  camera  w«as  set  to  trigger  off  of  the  pulse  driver,  so  that  the  image  capture  phased  locked  with  the 
valves. 

B.  Pioc(>duTC 

In  this  study,  difierenl  blowing  ratios  {B  ■  are  tested.  Since  the  jet  air  dcnsiiy,  /}^,  and  the  freestream 

air  density,  are  approximately  equal  (pj/p„~  I),  the  blowing  ratio  i;fin  be  oonstdeied  the  ratio  of  the  jet  velocity. 
yj,  to  the  freegtream  velocity  U^.  'Ehe  freeslicani  velocity  was  fixed  at  L4,=  3.  IJ  m/s.  and  the  bio  wing  ratios  studied 
were  /f  =  0,  0.5,  I,  2,  and  4.  The  frequency  was  fixed  aty  =  0.5  Hz.  At  0.5  Hz,  the  reduced  frequency  parameter  (F* 
=fU  t4.)  is  matched  to  that  of  the  experiinetits  done  in  the  LSWT  (F*  =  0.004,  see  Ref.  5)  if  ore  considers  the 
reference  length  /  to  be  the  diameter  of  the  Jet.  This  would  make  /  =  0.0254  iTtJ  =  0.5  Hz,  and  LL  =  3.15  ir/g,  go  F* 
=  0.004.  Note  that  m  Ref  5  the  reference  length  is  the  chord  of  the  blade,  but  since  the  flat  plate  has  no  “chord”, 
using  the  jet  diameter  as  a  reference  ienglh  allowg  for  a.  direct  comparison  of  reduced  frequency  values.  Also,  the 
duty  cycle  w'as  fixed  at  A  =  50%.  For  a  frequency  of  0.5  Hz,  this  means  that  the  valves  that  control  the  jet  flow  are 
open  for  one  sceund  of  each  two  gecond  cycle. 
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linages  were  captured  using  IDT  X- VISION  softi^'are.  versitm  1.09.02,  and  were  correlated  with  Dantec 
FlowManager  version  4.30.27.  Images  were  capmred  in  S-bit  mode  to  save  on  disk  space,  and  also  because  the  16- 
bit  depth  showed  no  dilTereuce  in  the  quality  of  the  captured  images  nor  in  the  resulting  correlalions  of  the  captured 
images.  An  adaptive  eorrcladon  algorithm  was  used,  w^here  the  images  w^outd  be  first  correlated  with  \2^  x  128 
pixel  interrogation  regions,,  fotlowed  by  a  correlation  of  64  x  64  pixel  interrogation  regions,  and  then  by  32  x  32 
pixel  and  finally  16  x  16  pixel  interrogation  regions.  Each  correlation  step  wa.s  repeated  three  times  except  for  the 
final  step,  which  was  repeated  four  times.  In  each  conelation  pass,  a  50%  overlap  was  used,  resulting  in  a  final 
effective  interrogation  region  size  of  8  x  8  pixels.  This  provided  an  effective  spatial  resolution  of  0.9  mm.  Each 
correlation  pass  was  also  accompanied  by  a  peak  validation  and  a  local  median  validation  (o  help  remove  noise  and 
outlying  (erroneous)  vectors..  Wben  the  image .s  were  coirelatedn  a  moving  average  validation  w^as  performed  on  each 
of  the  resulting  vector  maps  to  remove  any  remaining  outliers.  Finally,  an  average  filter  was  applied  to  further 
smooth  out  the  vector  field. 

For  all  cases,,  the  data  w^as  ensemble  averaged  using  a  MatLab  routine  that  read  in  the  correlated  velocity-  data 
and  output  a  TecPlot  readable  data  file  that  also  included  a  calculation  of  the  vorticicy  field.  TccPlot  w^as  tlien  used 
to  create  animations  of  the  velocity  and  vorticity  plots.  This  allowed  a  look  ai  each  data  plane  individually.  Another 
MatLab  routine  would  be  used  to  collect  the  data  from  each  plane  and  create  a  single  TeePEot  readable  file  that 
contained  all  seven  planes  of  data.  Then  tJiree  dimensional  plots  were  created  in  Te-cPIot  for  each  case.  While  both 
velocit>^  and  vorticity  plots  w-ere  obtained,  only  3-D  velocity  plots  wdll  be  presented  here  as  they  jwe  sufficient  to 
describe  the  flow  characteristic.^. 


ilL  Results 


A.  Uncertainty  and  Verification  of  PJV  Data 

In  order  to  get  ajt  idea  of  the  variability  in  (he  PIV  results,  one  case  (f  -  4  Hz,  A  =  50%,  B  =  1 )  of  the  free  jet  (no 
crossflow)  was  run  six  times.  Each  of  the  six  cases  w^as  ensemble  averaged  over  13  cyclef?  of  data.  The  average 
velocity  over  the  entire  cycle  over  the  expanse  of  the  jet  exit  (averaging  in  space  and  time)  was  compared  for  each  of 
the  six  cases.  The  mean  velocity  w'as  0.78  m's,  with  a  standard  deviation  of  (1.022  m-'s.  The  percent  error  could  be 
thus  estimated  as  2.8%.  There  is  also  a  measurernenL  error  to  consider,  combining  bias  and  RMS  errors,  which  is 
n-pically  about  O.i  pixels. In  the  current  setup,  0.  t  pixels  is  equivalent  eo  0.035  nv's.  As  a  percentage  of  the  mean 
vclocit)'  of  0.78  m/.s,  thi.s  error  is  4.5%.  The  root  sum  of  square.s  of  these  two  errors  is  5.3%. 

B,  Duty  Cycle  Cumparlson 

Widi  the  free  jet  in  the  previous  study^,  the  focus  was  the  effect  of  duty  cycle.  There  were  no  noteworthy 
differences  between  the  starting  and  enditig  dynamics  of  the  pulses  for  Che  different  dut>^  eycles.  To  see  if  the  same 
were  true  for  the  Jet  in  crossflow  experiment,  one  ease  was  run  at  A  =  10%  and  then  at  A  =  50%.  The  plane  was  y  = 
5.25d.  with  the  jet  pulsing  at/=  0.5  Hz  (F*  =  0.004)  and  blowing  at  =  2. 

The  jet  is  open  for  the  first  10%  of  the  A  =  10%  case.  This  first  part  of  the  A  =  10%  case  is  shown  m  the  velocity 
and  vorticity  plots  of  Fig.  3p  ((  -  0.02,  0.06,  O.OS,  and  0.10).  Likewise,  the  first  10%  of  the  A  =  50%  case  i.s  shown  in 
Pig.  3b.  In  chese  figures,  the  velocit)^  has  been  normalized  by  and  the  vorticity  by  UJd.  The  black  area  in  each 
figure  represents  the  location  of  the  ramp.  One  can  see  by  comparing  die  figures  that  the  first  part  of  the  cycle  is 
virtually  identical  for  both  cases.  The  10%  part  of  the  cycle  after  the  valve  closes  for  both  cases  is  shown  in  Fig.  4. 
This  time  interv^al  is  ^  =  0-10  -  0.20  for  A  =  10%  (with  /  =  0-1 2«  0J4,  0.16,  and  0.20  shown  in  Fig.  4a)  and  r  =  0.50  - 
0.60  for  A  “  50^4  (with  t  =  0.52,  0.54,  0.56,  and  0.60  shown  in  Fig.  4b).  Again  the  data  from  these  time  intervals 
appear  veiy  similar  Ibr  the  two  ca.ses.  Therefore,  the  effect  of  the  jet  on  Che  crossflow^  is  not  strongly  dependent  on 
dUEy  cycle  for  this  frequency.  The  primary  difference  is  Ehat  the  effect  of  the  higher  duty  cycles  lasts  longer,  because 
the  jet  is  on  longer.  At  a  higher  frequency  this  may  not  be  the  case  because  the  jet  would  not  be  on  as  long. 

€.  B  =  4  Case 

Since  changing  the  duty  cycle  docs  not  affect  the  crossflow  dynamics,  but  merely  Ehc  length  of  time  the 
crossflow  spends  in  ^^steady  state",  the  primar>^  parameter  of  interest  is  the  blowing  ratio.  As  EUCEitioned  previously, 
blowing  ratios  -  0.5,  1.0^  2.0,  and  4.0  were  studied.  Each  case  was  fixed  at  a  frequency  of/'=  0.5  Hz  and  a  duty 
cycle  of  A  =  50%.  All  seven  of  the  two  dimensional  planes  were  co-tnbined  into  one  three  diEuensional  animated  plot 
for  each  case,  with  20  ms  beiaveen  each  frame  due  to  the  50  Hz  sampling  rate.  Select  frames  from  each  of  these 
animated  plots  will  be  shown. 
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Figure  5  a  shows  the  [ni[m\  fully  separated  .vLate  of  the  flow  for  the  B  4  case  at  time  t  =  0.00.  The  Eocation  of  tlie 
jet  is  drawn  onto  the  figure  for  reference.  The  ramp  is  not  shown^  but  it  is  just  upstream  of  the  jet  and  extends  across 
the  entire  span.  hJotice  the  reverse  flow'  and  circulation  in  the  separated  region.  At  this  iinojnent,  the  valves  open  and 
the  air  begins  flowing  to  the  jet.  At  t  =  0.0  ]  (Fig.  5b)  the  jcL  flow  has  entered  the  y  Od  plane.  Behind  the  jet  flow^ 
in  the  y  =  -Id  piane^  is  a  downward  motion  of  air  flow  due  to  the  entrainment  caused  by  the  startii^g  vortex.  'This 
initial  downward  motion  near  the  jet  is  maintained  as  die  jet  continues  to  entrain  (he  air  around  it.  As  the  Jet  flow 
penetrates  deeper  into  the  freestream,  this  entrainment  causes  (he  croisflow  Lo  swirl  around  the  core  of  the  Jet  t^ow^ 
Tlie  jeE  flow  does  not  mix  well  with  the  crossflow  in  this  ease  because  the  jet  flow  mojnenfum  is  so  much  higher  and 
is  not  affected  much  by  the  crossflow.  This  can  be  seen  at  ?  =  0.05  (Fig.  5c),  as  the  jet  has  penetrated  tlirougli  the  y  ■ 
5 .25d  plane.  The  air  downstream  of  the  jet  flnw^  is  d.i.’awn  downward  in  the  y  =  - 1  d  and  Od  planes,  but  is  then  drawn 
upward  in  the  y  =  2.25d,  3d,  4d,  and  5,25d  planes.  There  is  likely  much  out  of  plane  motion  (which  is  not  measured) 
in  the  y  =  Id  plane  as  tlie  jet  flow  Is  drawing  this  downstream  air  tow'ards  itself  The  tlow^  has  reached  a  “steady” 
state  by  ^'  =  0.20  (Fig.  5d)*  with  the  flow  attaclied  in  the  y  ■  -  I  d,  Od,  and  Id  planes,  a  large  amount  of  reverse  flow  in 
the  y  =  2.25 d  and  3d  planes,  and  more  attachment  in  the  y  =  4d  and  5.25d  planes.  In  the  y  >  2.25d  planes,  any  flow 
downstream  of  the  jet  flow  is  drawm  hack  upstream  towards  the  jet.  This  is  the  fr-eestream  s whirling  around  the  jet 
flow.  At  /=  0.5  (Fig.  5e),  the  valves  close  and  slop  the  air  flow  to  the  jet.  Without  the  momentum  sustaining  the  jet 
flow%  the  crossflow  begins  to  take  over.  This  can  be  seen  at  ?  ^  0.55  (Fig.  where  the  previously  obstructed 
crossflowr  (in  the  planes  y  >  2.25d)  is  now  able  Eo  flow  in  the  dow^nstream  direction.  In  the  y  =  2.25d  plane,  the 
drastic  change  in  momentum  causes  a  circulation  region  that  draws  frecstream  air  downward  as  the  shear  layer 
reestablishes.  By  i  =  0.57  (Fig.  5g),  the  flow  is  attached  across  the  entire  measured  span  (y  =  -Id  to  y  =  5.25d).  The 
shear  layer  stabilises  and  the  flow^  returns  (o  its  fully  separated  state  by  i  =  0.67,  with  the  last  bit  of  attachment  seen 
at  /  =  OM  (Fig.  5hh 

Although  not  shown  here,  the  voitlcity  plots  indicate  a  maximum  in-plane  vorticity  (normalized  by  UWd)  of  = 
S.05  and  a  minimum  of  ^  =  -5. S3  for  this  case.  Note  that  only  the  spanwise  component  of  vorticity  can  only  be 
calculated  because  velocity  data  is  only  available  in  the  x-z  plane.  Tlie  maximum  vorticity  occurs  at  x  =  -0.72d,  z  = 
0.98d  in  the  y  =  4d  plane,  and  at  r  -  0.34.  This  point  is  very*  close  to  the  ramp  tip,  which  is  located  at  x  =  -0.S7d,  z  = 
0.S7d,  indicating  the  large  atnoiinE  of  vorticit)^  is  in  the  shear  layer.  The  mini  muni  vorticity  occurs  at  x  =  4.03d,  z  - 
0-3  Id,  in  the  y  =  3d  plane,  and  at  /  =  0. 10. 

D.  ff“2Case 

The  B  =  2  case  starts  out  the  same  as  the  5  ■  4  case,  with  fully  separated  flow  at  ^  =  D.OO.  In  this  case  the  jet  flow 
is  just  barely  seen  al  .r  -  0.01,  and  more  apparent  at  i  =  0-02  (Fig-  6a).  A  similar  effecE  is  seen  at  the  start  of  (he  cycle 
with  the  initial  downward  movemenE  of  air  just  upstream  of  the  jet  (in  tlie  y  “  -Id  plane)  as  the  starting  vortex 
entrains  the  air  around  the  jet  flow.  In  this  case  the  jet  flow  is  not  as  strong  and  does  not  entrain  the  air  around  it  as  it 
did  in  the  B  =  4  ca.se.  This  can  be  seen  at  ^  =  0.09  (Fig.  6b),  as  the  jet  has  penetrated  through  the  y  =  3d  plane,  and  is 
having  an  impact  on  the  y  =  4d  plane  as  it  gels  turned  downstream.  The  jet  flow  in  the  ^  =  2  case  has  much  lower 
momeniuiri  than  the  5  =  4  case,  and  the  jet  flow  does  not  maintain  its  fonn  long  as  it  penetrates  into  tJie  crossflow. 
However,  there  is  some  entrainment  in  tlie  y  =  Id  and  2.25d  planes  as  the  jet  flow  draws  downstream  air  towards 
itself  There  is  also  attachment  in  the  y  “=  5.25d  plane.  As  the  flow  reaches  a  steady  state  (/  =  0.20,  Fig.  6c),  the  flow 
in  the  y  =  4d  plane  becomes  attached  as  well.  The  attachment  in  the  y  =  4d  and  5.25d  planes  is  present  in  this  case 
and  not  in  the  5=4  case  because  (he  jet  flow^  has  turned  downstream  instead  of  acting  as  an  obstruction  to  the 
crossf^ow^  After  the  jcl  turns  off  (i.e.  the  valves  close),  the  flow  behavior  is  similar  to  the  5  =  4  case^  By  /  =  0.55 
(Fig.  6d),  the  crossflow  has  staited  to  take  over,  most  notably  at  y  =  2.25d  as  in  the  5  =  4  case,  where  a  circulation 
region  has  fonned  bringing  freestream  air  down  to  the  surface.  As  in  the  5  =  4  case,  there  is  span  wise  attachment  at  / 
=  0.57  (Fig.  6e),  but  here  the  last  attachment  comes  a(  f  =  0.62  (Fig.  6f)  before  the  flow  returns  to  its  fully  separated 
state.  The  maximum  vorticity  in  this  case  is  =  7.S9,  and  occurs  at  x  =  -0.76d,  z  =  1 .02d,  in  the  y  =  4d  plane,  and  at 
f  Note  that  there  is  not  much  of  a  change  from  the  previous  ease  to  this  case  in  maximum  vorticity.  The 

minimum  vorticity  in  this  case  is  =  -3.52,  and  occurs  at  x  =  1  .OSd,  z  =  0.74d,  in  the  y  =  3d  plane,  and  at  t  =  0.06. 


E.  5-1  Case 

The  5  =  I  jet  flow  is  apparent  at  t  -  0.02,  but  is  better  seen  at  i  -  0.03  (Fig.  7a).  In  this  case  the  downward 
motion  in  the  y  =  - 1  d  plane  is  barely  noticeable.  The  momentum  of  the  jet  flow^  is  so  much  lower  in  this  case  that  the 
jet  flow  gets  turned  dow^nstream  almost  immediately  upon  penetrating  the  crossflow  in  the  y  =  2.25d  plane.  Figure 
7b  shows  the  ''steady ''  state  flow  at  /  =  0.20,  with  the  trailing  edges  of  the  y  =  -  Id  and  y  =  3d  planes  going  in  and  out 
of  attachment.  The  y  =  4d  plane  shows  nearly  full  attachment.  The  y  =  5. 25  d  plane  is  an  indicator  of  how^  weak  the  5 
=  I  jet  really  is,  as  it  has  almost  no  effect  fliat  far  away.  The  y  =  Id  plane  shows  some  enhainment  of  dow^nstream 
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air  as  the  jet  flow  is  still  strong  enougli  to  draw  that  air  towards  itself.  The  =  2  and  5  ■  4  cases  showed  a 
circulation  region  Ibrm  at  y  =  2.2 5 d  after  the  jet  turned  off.  In  this  B  =  ]  case^  (his  same  eifect  oeeuni  but  at  y  =  Id 
and  at  ?  =  0.53  (Fig.  7c).  This  brings  near  attachment  in  the  y  =  -  Id  through  y  =  4d  planes  at  /  =  0.55  (Fig.  7d). 
Howe  vet:,  this  weak  attachment  only  persists  until  t  =  0.56,  except  in  the  y  ■  2256  plane,  where  it  lasts  until  /  = 
0.59.  The  flow  then  is  fully  separated.  The  maximum  vorticity  for  the  3  =  1  case  is  =  5.79,  and  occurs  at  x  =  - 
0.94d,  z  =  0.9(id,  in  tlie  y  =  3d  plane,  and  at  r  =  0. !  S.  Tlie  minimum  voiticltv  is  ^y,-  =  -2.03,  at  x  =  -0. 1 5d,  z  =  ]  .64d,  y 
=  Od,  and?  =  0.71. 


F.  JSt  -  0.5  Case 

In  the  3  =  0.5  case,  the  jet  flow^  i.s  too  weak  lo  even  penetrate  into  the  crossflow.  It  therefore  has  no  nodceahle 
effect  on  die  crossflows  Tlie  beginning,  end.  and  steady  part  of  the  cycle  all  appear  the  same  as  the  fully  separated 
flow  in  Fig.  7.  The  maximum  vorticity  in  this  ease  is  =  4.96,  and  occurs  at  x  =  -l.lOd,  z  ™  1  .Oid^  in  the  y  =  -  Id 
plane,  at  i  =  0.33.  The  minimum  vorticity  i.s  ^  =  .88,  at  x  =  3. 12d,  z  ■  0.29d,  y  =  5.25d,  and  ?  =  0.0 1 . 


G.  ^  =  0  Case 

There  no  actual  3  =  0  case  run.  Rather,  the 
data  from  the  B  ~  0.5  case  at  /  =  0.00  was  used  to 
approximate  the  case  of  no  jet  blowing  (8  =  0).  This 
is  a  reasonable  approximation  because  of  how^  small 
the  effect  of  the  5  =  0.5  jet  w^as,  and  because 
w^hatever  effect  there  may  Itave  been  w^ould  not  be 
evident  at  ?  =  0-00.  Using  this  data,  the  maximum 
vorticity  in  the  ^  =  0  case  is  6:)j  =  4.83^  and  occurs  at 
X  =  -0.63d,  z  =  1.04d,  and  in  the  y  =  -  Id  plane.  Tlie 
minimum  vorticity  is  ■  -1,52,  at  x  =  4.09d,  z  = 
0-07d,  and  y  •  5.25d. 

A  summary  of  the  maximum  and  minimum 
vorticity  is  given  in  Fig.  8.  The  trend  is  increasing 
vorticity  (both  positive  and  negative)  for  increasing 
blowing  ratios^  although  the  maximum  vorticity 
appears  to  he  leveling  off  at  the  higher  B  values. 


Figure  fi.  Maximum  and  Minimum  V^orticity 


IV.  Conclusions 

After  determining  that  differences  in  duty'  cycles  were  not  significant  enough  to  perform  a  duty  cyelc  study  as 
done  previously,  this  experiment  focused  on  the  changes  in  blowing  ratio,  which  w^as  varied  from  5  =  0  to  .&  ■  4. 
Seven  spanwhse  planes  W'ere  sludied,  spaced  nominally  in  Id  increments  and  centered  in  the  tunnel.  The  frequency 
was  0.5  Hz,  and  the  duty  cycle  was  50%  for  all  cases.  Perpendicular  (cross-stream)  planes  were  attempted,  but  the 
out  of  plane  modon  was  Coo  great  to  obtain  good  PIV  results.  Damping  in  the  system  (the  smoke  box  and  plenum 
being  the  main  contribotof^)  caused  a  low-frequcncy  limitation.,  and  the  jet  could  not  be  pulsed  fast  enough  to 
maintain  an  attached  flow  for  much  longer  than  die  duty  cycle.  Attachment  was  seen  for  blowing  ratios  as  low  as 
unity,  although  greater  blowing  rados  resulted  in  more  attached  area  and  longer  attached  times.  It  wax  detennined 
that  not  only  the  starling  event  but  also  die  ending  event  of  the  cycle  were  keys  in  eliminating  separatioit.  The 
starting  event  because  it  provided  that  first  impulse  that  pulls  the  crossflow^  towards  (he  surface,  and  the  ending 
event  because  it  provided  sudden  change  in  momentum  that  brouglit  span  wise  attachment  for  the  .^  ■  2  and  ^  =  4 
cases.  The  improvement  in  attachment  w^ith  increasing  blowing  ratio  was  also  accompatiied  by  an  increase  in 
vorticity,  The  niaximiim  vorticity  in  each  case  occurred  in  near  the  ramp  tip,  or  near  the  beginning  of  the  shear  layer, 
and  always  occurred  when  the  jet  was  in  a  “steady''  state  (i.c.  not  near  the  beginning  and  ending  transitions).  During 
the  actual  flow^  of  the  Jed  at(achmcnt  w^as  not  span  wise  in  these  cases.  Jn  fact  only  three  of  the  seven  planes  in  the  B 
=  2  and  3  =  4  cases  .'ihow^ed  any  attachment  during  the  duty  cycle.  Tlie  8  “  1  case  only  showed  attachment  in  two 
planes.  This  showed  the  need  for  optimizing  spacing  of  die  jets  to  provide  spanwi.se  attachment,  S-panwisc 
attachment  could  algo  occur  if  the  pulsing  frequency  was  optimized,  so  the  effect  of  die  beginning  and  ending  events 
can  be  used  to  keep  the  lloxv  attached  for  longer  periods  of  time.  The  optimization  of  frequency,  duty  cycle,  blowing 
ratio  ^  and  spanwhse  spacing  of  the  jets  will  help  to  reduce  the  required  mass  flow^  for  obtaining  an  attached  boundary 
layer  using  pulsed  vortex  generator  jets. 
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b)  i  =  50%,  f  =  0.00  -  0.10  (select  instances  at  tht:  be^ijininj;  of  the  cycle) 

Figure  X  First  I0%  of  the  A  =  10%  case  (a)  and  A  ^  50%  case  (b),  f'  =  0.004,  E  =  2,  y  ■  S.25(J.  The  plots  are 
velocity  magnitude  normalized  by  t-'^(top)+  and  in-plane  vorticity  nurmalized  by  (bottom). 


b)  A  =  50%,^  i  =  0.50  -  0^60  (select  instances  after  valve  closure) 

Figure  4,  First  10%  after  valve  closure  of  the  A  =  10%  case  (a)  and  A  =*  50%  case  (b),  F*  =  0.004,  /?  -  2,  y  = 
5.254.  I  hc  plots  are  normalized  as  in  Fit;.  3+ 
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Figure  5.  Normalized  v<^lecity  plots  (velocity  maf^nitude  divided  by  U^)  for  £f  =  4,  F*"  ■  OJ04llz,  A  =  50%  case 
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Figure  (t.  formalized  velocity  plots  (velocity  magnitude  divided  by  U^)  for  =  2,  f*  =  0.004,  A  -  50%  case 
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a)  /-0,03  I)}  f“M,20 


c)  f  =  0-53  dj  ^=0,55 

Figure  7,  INormalizvd  velucity  plots  (velocity  niagtiitudc  divided  by  U,^)  for  ^  ■  F  =  0.004,  A  =  50%  cast 
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